Snail is a transcription factor, which binds to E-box motives in target gene promoters through a carboxyterminal zinc-finger domain and represses transcription by recruiting histone deacetylase activity through its amino-terminal SNAG (Snail/Gfi-1) domain (Batlle et al., 2000; Peinado et al., 2004) . Snail represses various epithelial marker genes including E-cadherin and claudins and thereby causes epithelial-mesenchymal transition (EMT), a process by which epithelial cells lose their cell contacts and are converted to a mesenchymal phenotype with migratory and invasive properties (Batlle et al., 2000; Cano et al., 2000; De Craene et al., 2005) . In addition to its role in EMT, snail has been implicated in the regulation of cell proliferation and survival (Barrallo-Gimeno and Nieto, 2005) .
The Wnt signaling pathway regulates target gene expression by stabilizing the cytoplasmic component b-catenin, which enters the nucleus and forms complexes with T-cell factor (TCF) transcription factors bound to specific promoter sequences. b-catenin has strong transcriptional activation domains in its N-and Cterminus (Hsu et al., 1998) and thereby induces transcription of a variety of target genes including regulators of cell survival, proliferation and metastasis formation. In the absence of Wnt signals, b-catenin is phosphorylated by GSK3b (glycogen synthase kinase 3b) in a multiprotein degradation complex leading to its ubiquitination and degradation in the proteasome. In the presence of Wnt signals or after mutations of the degradation complex components APC (adenomatous polyposis coli), axin/conductin or b-catenin, phosphorylation and degradation of b-catenin is blocked. Mutations of Wnt signaling components are the major cause of colorectal cancer and other tumor types (reviewed in (Behrens, 2005) . Wnt signaling can also induce EMT and is shown to activate the transcription, protein stability as well as nuclear localization of snail through the inhibition of GSK3b (Zhou et al., 2004; Bachelder et al., 2005; Yook et al., 2006) .
Here, we demonstrate that snail can functionally interact with b-catenin to increase Wnt-dependent target gene expression. This activation is independent of snail's transcriptional repressor activity, and in particular does not involve repression of the E-cadherin promoter. Our results establish a novel and unexpected positive regulatory function of the transcriptional repressor snail.
Snail stimulates TCF/b-catenin-dependent transcription
To analyze whether snail affects TCF/b-catenin-dependent transcription, we used the TOP/FOP reporter system, which consists of a minimal promoter linked to either wild type (TOP reporter) or mutated TCFbinding sites (FOP reporter) driving expression of luciferase. In HEK293T cells, snail potently increased the TOP/FOP ratio induced by cotransfected b-catenin, whereas snail alone had no effect (Figure 1a) . Snail specifically increased the TOP values and had no effect on the FOP reporter controls. Snail also increased TOP reporter activity after upstream activation of the Wnt pathway by transfection of dominant-active LRP6 (lowdensity lipoprotein receptor-related protein) (Figure 1b Figure 1A) . Snail did not alter reporter activities of pGL2control and of an HIF1a (hypoxia-inducible factor 1a)-dependent reporter construct, which were used as negative controls (Supplementary Figure 1B) .
It is possible that snail exerts its effects on TOP/FOP reporters by downregulation of E-cadherin, which could lead to the release of b-catenin and increase of b-catenin-dependent transcription. To analyze this possibility, we determined the activity of a snail deletion mutant (snailDSNAG, Figure 2a) , which lacks the N-terminal repressor domain and was previously shown to be unable to repress E-cadherin (Peinado et al., 2004) . SnailDSNAG strongly increased b-catenin-dependent activation of the TOP/FOP ratio ( Figure 2b ) similar to full-size snail, although it failed to repress the E-cadherin promoter (Supplementary Figure 2A) . Moreover, the carboxy-terminal zinc-finger domain of snail (snail152-264) sufficed for activation of b-catenindependent transcription, whereas the amino-terminal half of snail (snail1-151) had no effect ( Figure 2c ). Interestingly, a deletion mutant of snail lacking zinc fingers 3-4 (SnailDZF3-4) no longer activated but rather suppressed b-catenin-dependent transcription demonstrating that the zinc-finger domain is important for transcriptional activation by snail ( Figure 2d ). The data indicate that the activity of snail on b-catenin-dependent transcription does not require its repressor activity, and in particular does not involve the transcriptional downregulation of E-cadherin.
As both snail and b-catenin are targets of GSK3b-induced degradation, snail might stabilize b-catenin by substrate competition for GSK3b. However, snail did not increase the amounts of cotransfected exogenous b-catenin ( Figure Figure 2D) . In addition, snail also increased the transcriptional activation by S33Y-bcatenin, which is a point mutant of b-catenin resistant to degradation by GSK3b (Figure 2h ). The data show that snail does not affect the stability, phosphorylation or nuclear localization of b-catenin.
Snail interacts with b-catenin and stimulates its transcriptional activity independent of TCFs
To determine whether the effects of snail on b-catenin are based on the interaction of both components, we analyzed whether snail associates with b-catenin in (Figure 3a) . Importantly, endogenous complexes of both proteins were also revealed by immunoprecipitation experiments using anti-snail or anti-b-catenin antibodies (Figure 3b ).
The zinc-finger domain (snail152-264), the aminoterminal half of snail (snail1-151) and the snailDZF3-4 mutant coimmunoprecipitated with b-catenin after transient coexpression of the proteins in HEK293 T cells (Supplementary Figure 3A and B). Thus, despite the fact that snail1-151 did not affect Figure 1c) , the fragment retained its ability to immunoprecipitate b-catenin. The snailDZF3-4 mutant, which repressed b-catenin-dependent transcription (cf. Figure 2d ) might act in a dominant-negative manner, because it retained b-catenin binding but has lost a large part of the zinc-finger domain, which is required for stimulation of b-catenin's transcriptional activity. A mutant of b-catenin lacking the first 89 amino acids (YFP-b-cateninDNT) failed to coimmunoprecipitate with snail, indicating that this part of b-catenin is required for interaction with snail (Figure 3c ). In contrast, deletions of the C-terminus and within the central armadillo repeat domain of b-catenin had no effect on the snail/b-catenin association (Supplementary Figure 3B) . We next determined whether the N-terminal 89 amino acids of b-catenin are required to allow transcriptional stimulation by snail. To avoid any interference by endogenous b-catenin, we analyzed whether snail would alter the transcriptional activation generated by fusion proteins of b-catenin or b-cateninDNT to a GAL4 DNA-binding domain. While activation of a GAL4-dependent reporter by GAL4-bcatenin was further increased after snail transfection, activation by GAL4-b-cateninDNT was not altered (Figure 3d ). GAL4-b-Catenin-dependent reporter activity was also increased by snailDSNAG again demonstrating that the activation is independent of E-cadherin repression (Supplementary Figure 4) . These data show that the N-terminus of b-catenin, which is required for complex formation with snail is also required for transcriptional stimulation by snail. Although the Nterminal domain of b-catenin is important for the control of b-catenin stability as well as nuclear localization (Brembeck et al., 2004; Krieghoff et al., 2006) , snail did not notably increase b-catenin protein levels or promote its nuclear residence as shown above (Figures 2e, f and g and Supplementary Figure 2D) . The fact that snail can activate the GAL4-b-catenin fusion proteins also shows that it acts independent of TCF transcription factors. Furthermore, snail probably does not need to bind to DNA to stimulate b-catenin-dependent transcription, as the tested reporters (TOP/FOP, GAL4 and Axin2; see below) do not contain obvious snail-binding sites. Altogether, a functional interaction between snail and b-catenin is a plausible scenario to explain our findings, although the molecular mechanism remains to be determined. Snail might change the transcriptional activation potential of b-catenin either by preventing the interaction of b-catenin with transcriptional repressors or promoting the recruitment of transcriptional activators.
Snail is required for strong Wnt target gene expression in colorectal tumor cells
To determine the functional consequences of snail for Wnt signalling, we analyzed its effects on the expression of known Wnt target genes. The mRNA and protein levels of Axin2/conductin (Lustig et al., 2002; Jho et al., 2002) , a specific target gene of Wnt signaling were increased in DLD1 colorectal tumor cells expressing (Figure 4d ). Protein amounts of Axin2 and survivin were also reduced by snail knockdown (Figure 4e) . Notably, E-cadherin and b-catenin levels were unchanged upon silencing of snail in these cells, again indicating that suppression of E-cadherin by snail is not required for the stimulation of b-catenin-dependent transcription by snail ( Figure 4e and Supplementary Figure 5A ). Axin2 promoter activity was also significantly reduced by siRNA against snail (Figure 4f) . Altogether, the data suggest that endogenous snail coactivates Wnt target gene expression. 
Snail promotes Wnt signaling V Stemmer et al
It was recently shown that the upregulation of Axin2 by Wnt signaling increases snail levels by sequestering GSK3b leading to EMT (Yook et al., 2006) . Conversely, our data suggest that snail can activate Wnt signaling by binding to b-catenin thereby establishing a positive feedback loop for Wnt-dependent transcription. In addition, through such a mechanism, snail might stimulate its own activity because Axin2 levels are increased which would further stabilize snail. Thus, Wnt signaling and snail-dependent induction of EMT are interconnected by multiple positive cross talks, possibly adding to the robustness of both signaling systems. There is evidence for a close relationship between both pathways in vivo. Both snail and TCF/b-catenin signaling can induce EMT in various cellular systems (Huber et al., 2005) , and snail and Wnt activities are oscillating during segmental patterning of vertebrate somites (Dale et al., 2006) . In the MIN (multiple intestinal neoplasia) mouse, a model, which spontaneously develops intestinal adenomas as a result of a germline truncation in APC, knockdown of snail increases cell death and decreases incidence and proliferation rates of the intestinal tumors (Roy et al., 2004) . The snail/b-catenin interplay could be of particular importance during tumor invasion and metastasis. In human colorectal tumors, EMT occurs at the invasive front where tumor cells dissociate from the tumor mass and infiltrate the mesenchyme. b-catenin nuclear activity and expression of target genes is markedly increased in these areas, while E-cadherin expression is downregulated (Brabletz et al., 2001) . From our data, we can speculate that activation of snail in such lesions would act to downregulate E-cadherin and independent of that further stimulate Wnt pathway activity, both of which would increase the invasive capacity of the tumor cells.
